The Cpx two-component system regulates an extracytoplasmic stress response that functions to rid the envelope of misfolded and mislocalized proteins that may interfere with normal cellular processes. The Cpx pathway is also involved in pathogenesis. This study investigated the role of the Cpx response in enteropathogenic Escherichia coli (EPEC) type III secretion (T3S). It was determined that a functional Cpx pathway is not required for T3S but that pathway activation inhibits secretion by reducing the cellular pools of T3S substrates. The EPEC T3S system structural components, as well as a number of its substrates, are encoded on the locus of enterocyte effacement (LEE) pathogenicity island. Transcriptional fusions to the five major operons of the LEE were constructed and examined under Cpx pathway-activating conditions. Induction of the Cpx response caused a decrease in the transcription of several LEE operons, with the most pronounced effect on LEE4 and LEE5. Collectively, these two operons encode components of the T3S translocation apparatus, the bacterial adhesin intimin, and the translocated bacterial receptor Tir. These data show for the first time that activation of the Cpx envelope stress response in EPEC inhibits T3S of both translocators and effectors, likely through down regulation of LEE transcription. Coupled with recent findings, our results suggest that Cpx-mediated down regulation of virulence is a conserved theme in a number of bacterial pathogens.
The Cpx two-component system regulates an envelope stress response adapted by Escherichia coli to monitor and maintain cell envelope integrity. This is accomplished by the interplay between a membrane-bound histidine kinase, CpxA, and a cytoplasmic response regulator, CpxR. In the absence of stress, CpxA autokinase activity is inhibited by the small periplasmic protein CpxP (20) . Upon presentation of an inducing cue, such as alkaline pH or the accumulation of misfolded or mislocalized envelope proteins, CpxP is degraded and CpxA takes on autokinase and kinase activities that lead to the accumulation of CpxRϳP (2, 31, 54) . A major subset of genes regulated by CpxRϳP encode folding and degrading factors involved in the biogenesis of periplasmic proteins as well as proteins en route to the outer membrane (8, 32, 51, 58) . It is generally accepted that a key physiological role of the Cpx pathway is to rid the envelope of potentially toxic misfolded proteins and to return homeostasis. Another subset of the Cpx regulon includes genes involved in adherence. CpxRϳP has been shown to bind upstream of the promoter regions of genes involved in motility and chemotaxis and those encoding the adhesive appendages curli and P pili and the Yersinia adhesin, invasin (5, 13, 17, 29) . These findings, coupled with the discovery that the Cpx pathway is activated upon contact with hydrophobic surfaces through the outer membrane lipoprotein NlpE (50) , suggest that the Cpx response is intimately involved in attachment.
In conjunction with its activities in maintaining cell envelope integrity and responding to cellular attachment, the Cpx pathway is implicated in the elaboration and expression of multiple virulence-associated structures. The regulon member DsbA has been shown to catalyze the folding of secreted virulence factors as well as assembly components of type IV pili, P pili, and the type III secretion systems (T3SS) in numerous gramnegative pathogens (15, 25, 34, 44, 59) . A second regulon member, DegP, enables intracellular survival, likely by degrading proteins which are unfolded due to exposure to high temperatures and oxidative stress inside the host (33, 41) . The Cpx pathway has also been implicated in posttranscriptional regulation of the InvE regulatory protein in Salmonella (45) and of the major subunit of the type IV bundle-forming pilus (BFP) in enteropathogenic E. coli (EPEC) (49) . In addition to impacting virulence determinants at the posttranscriptional and assembly levels, there are multiple examples of the Cpx pathway having a direct effect on transcription of virulence genes and key virulence regulators. In Shigella sonnei, CpxRϳP binds upstream of a master regulator of virulence, VirF (47, 48) . Elegant work with uropathogenic E. coli demonstrated that CpxRϳP binds to a region controlling pap phase variation and inhibits P pilus expression in vivo (26, 29) . In Salmonella enterica serovar Typhimurium, a cpxA mutant decreases expression of a major regulator of invasion genes, HilA (46) , and exhibits a diminished ability to attach to and invade eukaryotic cells (28) . Lastly, a CpxR homologue positively regulates transcription of the icm-dot type IV secretion system in Legionella pneumophila (23) .
The present study investigated the role of the Cpx pathway in EPEC T3S. EPEC is an attaching and effacing pathogen that initiates infection by adhering to host epithelial cells, using a type IV BFP, and then translocating virulence determinants into the host cells via a T3SS. Both the T3SS structural components and numerous EPEC secreted proteins (Esps) are encoded on a 35-kb pathogenicity island called the locus of enterocyte effacement (LEE). The LEE contains 41 genes and is organized into five main polycistronic operons (LEE1-5) (19) . In addition to encoding the T3SS, the LEE also encodes the bacterial adhesin, intimin, its translocated receptor, Tir, and several T3S chaperones and effector proteins (7, 10, 19) . The regulation of EPEC virulence gene expression involves a complex network of regulators (42) . In the present communication, we demonstrate that activation of the Cpx pathway negatively affects EPEC T3S by down regulating the expression of several key components of the translocation apparatus as well as the translocated bacterial receptor Tir. We argue that while low levels of pathway activity can facilitate pathogenesis (e.g., BFP biogenesis), full activation down regulates nonessential protein traffic in the envelope.
MATERIALS AND METHODS
Medium and growth conditions. Bacterial strains were maintained in LuriaBertani (LB) broth with the appropriate antibiotics and grown at 37°C with shaking. Strains E2348/69 cpxA24 and TR10 were maintained at 30°C with shaking. The antibiotics used in this study included ampicillin (100 g/ml), chloramphenicol (25 g/ml), kanamycin (50 g/ml), amikacin (3 g/ml), and spectinomycin (30 g/ml) (Sigma-Aldrich).
Bacterial strains and plasmids. Bacterial strains and plasmids used in this study are described in Table 1 . All primers used in strain and plasmid construction are listed in Table 2 . The construction of an E2348/96 cpxA24 mutant and luxCDABE reporter fusions is described below. The CpxR overexpression vector pUC19-cpxR was constructed by amplifying the cpxR gene and a portion of the p15ori-F  p15 ori  GCTTAATTAACCTCCTGTTCAGCT  ATGACG  p15ori-R  GCTTAATTAACGATGATAAGCTGT  CAAACATGA  BH1 LEE2/3-F  LEE2 promoter ATGGATCCTATGCGATGCGATGAT  TAGG  ER1 LEE2/3-R  CGGAATTCATCCTGCGAACTCGTT  CAAT  ER1 LEE2/3-F  LEE3 promoter CGGAATTCTATGCGATGCGATGAT  TAGG  BH1 LEE2/3-R  ATGGATCCATCCTGCGAACTCGTT  CAAT  proLEE4B-F  LEE4 promoter GGGAATTCTCACGCTAGCCAGGAT  AAGA  proLEE4B-R  ATGGATCCAAACAGATGCGGTGTT  TTGA  ER1 protir-F  LEE5 promoter CGGAATTCTGAACAGAAATTTGGT  GGTTTG  BH1 protir-R  ATGGATCCGGTGCAGGTGGAATT  AAAGC  ER1 cpx UP  cpxP promoter  CGGAATTCCGGCAGCGGTAACTAT  GCGC  BH1 cpx DN  CGGGATCCCTGGCTCTCGACTGA  AGGG  finpho  cpxR  ACATTAACAGGAGGCTGTTCGTGC  cpxR3ЈEco CGGAATTCCGGTTAAGCTGCCTAT CATG pNLP10-F Multiple cloning site
GCGAGCTCGCGCGTTTTTTTGCTG ATTAC a Underlined sequences indicate restriction sites introduced at the ends of the primers.
cpxP gene from the chromosome of MC4100, using primers finpho and cpxR3ЈEco. The PCR product was purified and cloned into the BamHI and EcoRI sites on pUC19 by use of standard molecular techniques.
Construction of E2348/69 cpxA24 mutant (ALN195). The cpxA24 locus of TR10 was PCR amplified using the primers cpxA24R2 and cpxA24F2 and cloned into the TOPO cloning vector according to the manufacturer's instructions (Invitrogen). The resulting clone was sequenced to confirm the presence of the cpxA24 mutation and no others, digested with SacI and KpnI, and cloned into the same sites of the gene replacement vector pRE112 (18) . This clone was again sequenced to confirm the presence of the cpxA24 mutation and the absence of others, and the resulting construct was used to integrate the cpxA24 mutation into the chromosome of E2348/69, using published techniques (14) .
Construction of luxCDABE reporters. The pSC101 origin was removed from the promoterless luxCDABE reporter plasmid pNLP10 (1; N. L. Price and T. L. Raivio, unpublished data) by digestion with PacI. The p15 origin of pACYC184 was amplified using primers p15ori-F and p15ori-R. The PCR product was purified and cloned into the PacI sites of pNLP10 by use of standard molecular techniques to generate pJW15. All lux reporter plasmids utilized in this study are derivatives of pJW15. The pJW17 vector was constructed by digesting pJLM164 (43) with the EcoRI and BamHI restriction enzymes and cloning the subsequent fragment into the EcoRI and BamHI sites of pJW15. The pJW18, pJW19, pJW20, and ptir-lux reporter fusions were all constructed by amplifying the promoter regions of the genes of interest from the chromosome of E2348/69, using BamHI-and EcoRI-tagged primers ( Table 2 ). The PCR products were purified and cloned into the BamHI and EcoRI sites of pJW15, using standard techniques. Inserts were confirmed by sequencing the multiple cloning site of pJW15 with the pNLP10-F and pNLP10-R primers and comparing the sequence to the partial E2348/69 sequence available on the NCBI website (http://www.ncbi .nlm.nih.gov). The pJW25 vector was constructed similarly, with the cpxP promoter amplified from the chromosome of MC4100, using the ER1 cpx UP and BH1 cpx DN primers ( Table 2) .
Bioluminescence assay. Single colonies of strains of interest were inoculated into 5 ml of LB plus antibiotics in triplicate and grown at 37°C or 30°C with aeration overnight. The next day, a 1:100 dilution was made in 2 ml of LB or Dulbecco's modified Eagle's medium (DMEM)/F-12 supplemented with 0.1 M Tris, pH 7.5, and antibiotics and grown at 37°C with shaking. After 2 hours of growth, 200 l of culture was transferred to a 96-well white-sided plate (Gibco), and the absorbance (A 600 ) and level of bioluminescence (counts per second [cps]) were measured using a Wallac 420 multilabel plate reader (Perkin-Elmer). The 96-well plate was returned to 37°C, and the A 600 and bioluminescence were read every 2 hours for 8 to 10 hours. The data presented here represent values collected after 6 hours of growth or at an A 600 of 0.4 to 0.6. In the case of strains harboring the pCA-nlpE vector, strains were grown for 2 hours, induced with 60 M IPTG (isopropyl-␤-D-thiogalactopyranoside), and returned to 37°C. The A 600 and the level of bioluminescence were read every hour for up to 5 hours postinduction, as described above. For each time point, the cps and A 600 values were corrected by subtracting the values obtained from those of a blank medium control. The final bioluminescence (cps/A 600 ) values were calculated by dividing the corrected cps by the corrected A 600 . Data presented represent the means and standard deviations for three replicates. Each experiment was repeated a minimum of three times.
Secretion assay. Secretion assays were performed as previously described (36) . Briefly, an overnight culture of the strain of interest was subcultured 1:100 in DMEM/F-12, with 0.1 M Tris, pH 7.5, supplemented with the appropriate antibiotics and grown at 37°C with shaking. Strains harboring pCA24N-based vectors were induced with 60 M IPTG after 2 hours of growth. All cultures were grown until they reached an A 600 of 0.5 to 0.7. At that time, 1 ml of culture was collected, cells were pelleted, and the supernatant was transferred to a fresh tube. The pelleted cells were resuspended in 100 l of 2ϫ sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading dye (56) . The secreted proteins were precipitated from the supernatant by adding 10% trichloroacetic acid (TCA) and incubating the samples at 4°C overnight. Precipitated proteins were pelleted by centrifugation at 14,000 rpm at 4°C for 15 min and resuspended in 15 l of SDS-PAGE loading dye. Ten microliters of precipitated protein was run in a 12% SDS-polyacrylamide gel and stained with Coomassie blue stain (10% Coomassie blue dye, 10% methanol-H 2 O [1:1], 10% acetic acid). Additionally, all secretion assays were repeated by subculturing an overnight culture 1:100 in DMEM/F-12 with the appropriate antibiotics and incubating it in a 5% CO 2 incubator at 37°C statically. Cultures were grown to an A 600 of 0.5 to 0.7, and the same protocol as that outlined above was followed. All secretion assays were repeated a minimum of three times, and data for one representative experiment are shown.
Western blot analysis. Western analysis was performed as previously described (49) . The blots were incubated with a 1:50,000 dilution of rabbit polyclonal antiserum raised against a maltose binding protein-CpxR fusion protein, a 1:50,000 dilution of bacterial alkaline phosphatase (BAP) polyclonal antiserum (Research Diagnostics, Inc.), or a 1:300 dilution of mouse monoclonal antiserum raised against EPEC Tir (a gift from R. DeVinney).
RESULTS

Activation of the Cpx pathway reduces secretion of EPEC effectors and translocators.
To determine if activation or inactivation of the Cpx pathway had an effect on the assembly and/or function of the EPEC T3S apparatus, we examined the secretion profiles of EPEC strains overexpressing the response regulator CpxR from a lac promoter on pUC19 or with cpxR interrupted by a kanamycin resistance cassette (ALN88). Cpx pathway activation or removal in these strains was confirmed by observing CpxR levels via Western analysis, probing with anti-CpxR antiserum, and by looking at the promoter activity of the known Cpx regulon member cpxP (Fig. 1) . Cells overexpressing CpxR grew slower than the vector control but were still viable and capable of producing bioluminescence after 10 to 12 hours of growth. We observed that overexpression of CpxR from pUC19 led to 51-, 324-, and 744-fold increases in cpxP::lux reporter activity compared to that of the empty vector FIG. 1. Overexpressing cpxR from pUC19 constitutively activates the Cpx pathway. Expression from the cpxP promoter was measured by monitoring levels of bioluminescence from a cpxP::lux fusion in pJW25 in E2348/69 carrying the vector control pUC19 or pUC19-cpxR. Strains were grown in DMEM/F-12 buffered with Tris at 37°C with aeration, and the A 600 and bioluminescence (cps) were measured every hour for 3 hours. Bars represent the means for three replicates; error bars represent the standard deviations.
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at UNIV OF CALIF-SAN FRANCISCO on January 9, 2009 iai.asm.org after 1, 2, and 3 h, respectively, of growth in DMEM/F-12 buffered with Tris ( Fig. 1) . Thus, overexpression of CpxR mimics activation of the Cpx response, as previously seen in E. coli K-12 (54) . Western analysis of an E2348/69 cpxR null strain (ALN88) and the E2348/69 strain overexpressing CpxR revealed that there was no CpxR present in ALN88 (Fig. 2B , lane 3), while greatly elevated levels were present in the CpxR overexpression strain ( Fig. 2A, bottom panel, lane 4) . Examination of the levels of the prominent T3S substrates EspA, EspB, EspD, and Tir revealed that activation of the Cpx pathway by overexpression of CpxR drastically reduced the secretion of these proteins ( Fig. 2A, compare lanes 3 and 4) . In contrast, knocking out cpxR had no discernible effect on T3S (Fig. 2B, compare lanes 1 and 3) . These data indicate that while exaggerated levels of pathway activation adversely affect T3S, the Cpx pathway is not essential for this stage in EPEC pathogenesis.
In an effort to establish whether the Cpx pathway was exerting its effect on the T3S apparatus or the effectors themselves, we compared the cellular level of Tir in E2348/69(pUC19-cpxR) to that of the T3S mutant CFM-14-2-1 (16). The T3S mutant had comparable intracellular levels of Tir to the wildtype level (Fig. 2C, compare lanes 1 and 2) , while EPEC cells overexpressing CpxR had a decreased intracellular level of Tir (Fig. 2C, compare lanes 3 and 4) . The variation in intracellular Tir levels was not due to loading differences, since control blots with antiserum to BAP revealed no differences among the strains (Fig. 2C, top panel) . Also, when the same strains were grown under low-Ca 2ϩ conditions shown to promote effector secretion (11) , there were increased cellular levels of Tir in the T3S mutant CFM-14-2-1 and reduced cellular levels of Tir in E2348/69(pUC19-cpxR) compared to the wild-type level (data not shown). This suggests that Cpx pathway activation results in diminished intracellular levels of T3S substrates.
The Cpx pathway negatively regulates LEE transcription independently of Ler. After observing that activation of the Cpx pathway leads to a decrease in cellular levels of Tir, we were interested in ascertaining whether the Cpx pathway was exerting its effect on T3S at the transcriptional level. We generated reporter constructs harboring the promoter regions of each of the five LEE operons cloned in front of a promoterless luxCDABE cassette in pJW15. To confirm that the reporters were functioning properly, bioluminescence levels were assayed in a wild-type EPEC background and in an EPEC strain lacking the master regulator of the LEE, Ler (E2348/69 ⌬ler) (3), grown in either LB or DMEM/F-12. As expected, all of the LEE reporters exhibited some decrease in expression in the absence of Ler (Fig. 3) . Furthermore, all LEE::lux fusions were expressed at elevated levels when they were grown in DMEM, a condition thought to mimic infection and known to induce virulence gene expression (36) (Fig. 3) . The LEE4::lux fusion was the least sensitive to changes in medium type, which is in agreement with published observations (39) . Levels of luminescence produced by the LEE reporter constructs were then assayed in the presence and absence of CpxR overexpression. It was found that Cpx response activation reduced the expression of LEE1 and LEE5 between 3-and 6-fold and that of LEE4 between 3-and 10-fold and had little (Ͻ2-fold) to no effect on LEE2 and LEE3 (Fig. 4) . The ranges represent the differences obtained from three separate experiments, each of which contained three replicates per strain. These findings coincide with our observations of diminished EspA, EspB, EspD, and Tir secretion (Fig. 2) , as LEE4 and LEE5 carry espADB and tir, respectively. This experiment suggested that the decrease in T3S observed for EPEC cells overexpressing CpxR was at least partly due to a decrease in LEE4 and LEE5 transcription. Since LEE1 encodes the master regulator of the LEE, Ler, we were surprised that the LEE2 and LEE3 reporters revealed little to no change in expression when LEE1 expression was down regulated. This observation may be attributed to Ler-independent modes of activation or to the stability of the Ler protein. In support of this, reverse transcription-PCR analysis of LEE1-5 during an in vitro infection found that expression of LEE3-5 increased, while LEE1 transcription decreased (39) . These findings, coupled with the results described below, suggest that it is unlikely that Cpx pathway activation influences LEE transcription via Ler.
To further support our results, we examined LEE expression in the absence of a functional Cpx pathway in an E2348/69 cpxR::cam strain and in the presence of a constitutively activated Cpx response in an E2348/69 cpxA24 background. The E2348/69 cpxA24 strain was generated by deleting specific res- idues within the periplasmic sensing domain of CpxA that are important for signal detection (54) . This type of mutation maintains CpxA autophosphorylation and kinase activities while eliminating its phosphatase activity, resulting in elevated levels of CpxRϳP (54) . In line with the results found for overexpression of CpxR, LEE4 and LEE5 demonstrated a marked decrease in transcription in the cpxA24 background (Fig. 5 , compare lanes 13 and 15 and lanes 16 and 18). Interestingly, the cpxA24 allele had a minor affect on LEE1 expression (Fig. 5, lanes 1 and 3) . The cpxR null strain caused only minor increases in LEE1, LEE2, LEE4, and LEE5 expression (Fig. 5 , compare lanes 1 and 2, 7 and 8, 13 and 14, and 16 and 17). The observation that LEE4 and LEE5 transcription levels were reduced but the LEE1 transcription level was not suggested that the effects on LEE4 and LEE5 might be independent of LEE1-encoded Ler. To test this, the LEE::lux reporter plasmids were moved into a nonpathogenic E. coli K-12 background, and LEE expression was assayed in the presence of mutations that either eliminate (cpxR::spc; TR51) or constitutively activate (cpxA24; TR10) the Cpx pathway. Interestingly, all five LEE operons exhibited some degree of negative regulation by the Cpx pathway in the nonpathogenic E. coli K-12 MC4100 background (Fig. 6 ). In the absence of a functional Cpx pathway in a cpxR null strain (TR51), all five LEE operons exhibited increases in expression, ranging from 1.3-to 16-fold.
Conversely, in a constitutively active cpxA* mutant (TR10), we observed decreases in LEE1 (1.3-fold) (Fig. 6 , compare lanes 1 and 3), LEE4 (12-fold) (Fig. 6 , compare lanes 13 and 15), and LEE5 (3-to 3.5-fold) (Fig. 6, compare lanes 16 and 18) , which mirrored the trends seen in EPEC upon CpxR overexpression (Fig. 4) . In addition, the MC4100 cpxA* mutant also led to a 3-to 3.5-fold decrease in LEE3 expression (Fig. 6 , compare lanes 10 and 12). It may be that subtle differences in LEE expression caused by activation or inactivation of the Cpx response are more visible in the K-12 strain background. This could be the result of the much lower levels of LEE expression in this strain than in EPEC (compare Fig. 4 and 5 with Fig. 6 ) due to the absence of several positive regulators not present in the nonpathogenic background. Regardless, we can conclude that the Cpx pathway does not act entirely through Ler or any other EPEC-specific regulator, as there is negative regulation of LEE genes by the Cpx pathway in both pathogenic and nonpathogenic strains of E. coli. The Cpx response inhibits T3S when EPEC-specific positive regulators are overexpressed. To further examine the relationship between the Cpx response and EPEC-specific positive regulators with regard to T3S, we examined the ability of overexpression of the EPEC-specific PerABC (BfpTVW) positive regulators encoded in plasmid pCVD450 (24) to overcome the effects of Cpx pathway activation on T3S. PerC is responsible for up regulating LEE1/ler expression, which is proposed to result in a cascade of positive regulation leading to increased expression of LEE2-5 (52). The pCVD450 plasmid has been shown to enhance T3S (12, 36) . We confirmed this finding, since the presence of pCVD450 leads to a large increase in T3S relative to that in the same strain carrying the pACYC184 vector control (Fig. 7 , compare lanes 4 and 5). For unknown reasons, the pACYC184 plasmid caused a decrease in E2348/69 T3S (Fig. 7, compare lanes 1 and 4) . In contrast, E2348/69 carrying both pCVD450 and the NlpE overexpression vector pCA-nlpE secreted barely detectable levels of protein (Fig. 7, compare lanes 6 and 7) , similar to the E2348/69 strain carrying pCA-nlpE alone (Fig. 7, compare lanes 3 and 7) . The variation in levels was not due to loading differences, since control blots with antiserum to BAP revealed no differences among the strains (Fig. 7, lanes 1 to 7) . These results indicate that activation of the Cpx response can still inhibit T3S, even in the presence of elevated expression of the LEE transcriptional activators PerABC and Ler. Interestingly, more EspB was detected in the EPEC strain overexpressing PerABC and NlpE than in the strain expressing only NlpE (Fig. 7, compare lanes  3 and 7) . This might suggest that the presence of excess PerABC/Ler can partially counter the negative effects of the Cpx response.
Activation of the wild-type Cpx pathway confirms its inhibitory role in EPEC T3S. Activation of the Cpx response by
CpxR overexpression is artificial, since no inducing cue is present that would lead to phosphorylation of CpxR by CpxA. In addition, activation of the pathway by this means leads to slow-growing EPEC strains (data not shown). To confirm that the effects of CpxR overexpression on T3S were characteristic of the wild-type Cpx pathway and not aberrant or due to growth effects, we repeated the secretion experiments, using an additional and proven mode of Cpx response activation. The outer membrane lipoprotein NlpE was overexpressed from an IPTG-inducible P T5-lac promoter on the pCA24N derivative pCA-nlpE (37) . Overexpression of NlpE had only mild effects on growth, in contrast to CpxR overexpression or constitutive activation of the Cpx response by mutation (data not shown). We found that NlpE overexpression negatively affected secretion of EPEC effectors in a manner that was dependent on a functional Cpx pathway. This was established by comparing the secretion profiles of E2348/69 and E2348/69 cpxR::kan (ALN88) carrying the pCA-nlpE vector. In the presence of a functional Cpx pathway in E2348/69, induction of the pCA-nlpE plasmid effectively diminished secretion of T3S effectors (Fig. 8,  compare lanes 3 and 4) , while the same level of induction in a cpxR::kan mutant resulted in cells that, while slow growing, were still capable of T3S (Fig. 8, compare lanes 5 to 7) . The decreases in EspB and Tir levels observed were not due to unequal loading, since Western analysis with antiserum directed against BAP indicated that there were no differences in overall protein amounts between strains (Fig. 8,  bottom panel) .
As with activation of the Cpx response by overproduction of the response regulator CpxR, NlpE overexpression impacted T3S by decreasing the transcription of LEE genes (Fig. 9) and, in turn, reducing the cellular pools of T3S substrates (Fig. 8,   FIG. 7 . Activation of the Cpx response decreases T3S when EPECspecific positive regulators are overexpressed. Secretion profiles for E2348/69 (lane 1), E2348/69(pCA24N) (lane 2), E2348/69(pCA-nlpE) (lane 3), E2348/69(pACYC184) (lane 4), E2348/68(pCVD450) (lane 5), E2348/69(pCA24N)(pCVD450) (lane 6), and E2348/69(pCAnlpE)(pCVD450) (lane 7) are shown. EPEC strains were grown in DMEM/F-12 at 37°C in 5% CO 2 for 2 h, induced with 60 M IPTG, and allowed to grow to an A 600 of ϳ0.5 to 0.7. Bacterial cells were pelleted, and secreted proteins were precipitated from the supernatant with 10% TCA. EspA, EspB, and EspD were detected by SDS-PAGE with Coomassie blue staining (top). The bacterial cells were subjected to Western analysis with anti-BAP antiserum (bottom). lane 7) are shown. EPEC strains were grown in DMEM/F-12 in 5% CO 2 at 37°C for 2 hours, at which time the cultures were induced with 60 M IPTG and allowed to grow for an additional 3 hours (A 600 of ϳ0.5 to 0.7). Bacterial cells were pelleted, and secreted proteins were precipitated from the supernatant with 10% TCA. EspA, EspB, and EspD proteins were detected by SDS-PAGE with Coomassie blue staining (top). The bacterial cells were subjected to Western analysis with anti-Tir (second panel), anti-CpxR (third panel), and anti-BAP (bottom).
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compare Tir levels in lanes 3 and 4). EPEC strains harboring pCA24N or pCA-nlpE and either the LEE1-lux, LEE4-lux, LEE5-lux, or dsbA-lux reporter plasmid were assayed for promoter activity every hour for 5 hours postinduction. High levels of expression from the dsbA promoter confirmed that the native EPEC Cpx pathway is activated by NlpE overexpression (Fig. 9, compare lanes 7 and 9) . Activation of the Cpx response by this method reduced LEE4 and LEE5 transcription (Fig. 9 , compare lanes 1 and 3 and lanes 4 and 6), albeit to a lesser extent than that with CpxR overexpression, and had a modest effect on LEE1 (data not shown). This finding suggests that activation of the wild-type Cpx pathway influences LEE transcription in the same fashion as overexpressing CpxR in trans does, although to a lesser degree.
DISCUSSION
In EPEC, a functional Cpx pathway is required for the efficient elaboration of the type IV BFP involved in the initial attachment to the host epithelium (49) . The present study investigated whether the Cpx response was also integral to the assembly and/or function of the EPEC T3SS. Surprisingly, while the EPEC secretion profile remained unchanged in a cpxR::kan mutant, activation of the Cpx response resulted in a significant decrease in the secretion of both translocator and effector proteins, namely, EspA, EspB, EspD, and Tir ( Fig. 2  and 8 ). EspA monomers polymerize at or around the tip of the T3S needle, forming a long needle extension that is thought to facilitate attachment and formation of the translocation pore (38) . EspB is transported through the T3SS and the translocon comprised of EspA and inserted into the host membrane, where it and an additional T3S substrate, EspD, form the pore in the host cell membrane (9, 30) . It is through this pore that the bacterial receptor Tir and the other EPEC effectors enter the host (38) . It seems likely that cells lacking the ability to efficiently secrete these important virulence factors would have a diminished ability to carry out a successful infection. One future objective of this work will be to determine if activation of the Cpx response reduces virulence of the attaching and effacing class of pathogens in vivo.
Comparison of the intracellular levels of Tir in EPEC cells overexpressing CpxR and in a T3S mutant revealed that activation of the Cpx response inhibits T3S by reducing cellular levels of T3S substrates (Fig. 2 ). An examination of the transcriptional profiles of the five major operons of the LEE under conditions shown to activate the Cpx response revealed that the pathway inhibits LEE4 and LEE5 expression, has little to no effect on LEE2 and LEE3, and has a variable effect on LEE1 (Fig. 4 , 5, and 6). Collectively, LEE4 and LEE5 encode the translocator proteins (EspA, EspD, and EspB), the needle complex protein (EscF), the bacterial adhesin intimin, and its translocated receptor Tir (10) . These findings suggest that Cpx pathway activation inhibits EPEC T3S, at least in part, by down regulating the expression of its substrates (Esps and Tir) and several structural components (EscF, EspA, EspB, and EspD) incorporated into the apparatus at the later stages of its assembly. It is also plausible that certain T3S structural components may not be assembled properly in the bacterial envelope when the Cpx pathway is activated. Future experiments will investigate the latter possibility. Our results agree with and shed light on previous studies of the Cpx response in other pathogens. For example, the interruption of cpxR in Salmonella enterica serovar Typhimurium and Yersinia enterocolitica had no observable effect on virulence in an animal model (27, 28) . Alternatively, CpxRϳP has been shown to negatively regulate P pilus expression in uropathogenic E. coli (26) . In Salmonella, cpxA mutants caused a decrease in the expression of a key virulence regulator, HilA (46) , and experienced a diminished ability to attach and invade in vivo (28) . In Shigella, a cpxA mutant affects the posttranscriptional levels of InvE, a regulatory protein involved in relieving H-NS repression of genes involved in T3S (45) . The disruption of cpxA in these organisms would eliminate CpxA autokinase, kinase, and phosphatase activities. Since the native CpxR protein is capable of accepting phosphoryl groups from alternate phospho-donors in the cell, it is presumed that in the absence of CpxA phosphatase activity, there would be an accumulation of CpxRϳP, mimicking pathway activation (8, 53, 54) . Thus, it may be that some of the negative effects observed on virulence in these cpxA mutants are due to activation of the Cpx response, similar to what we report here. Cumulatively, FIG. 9 . NlpE overexpression inhibits transcription of LEE4 and LEE5. Bioluminescence assays were performed with E2348/69 (lanes 1, 4, and 7), E2348/69(pCA24N) (lanes 2, 5, and 8), and E2348/69(pCA-nlpE) (lanes 3, 6, and 9) harboring either pJW20 (lanes 1 to 3) , ptir-lux (lanes 4 to 6), or pNLP56 (lanes 7 to 9). Strains were grown in DMEM/F-12 buffered with Tris at 37°C with shaking for 2 hours, at which time cultures were induced with 60 M IPTG. Bioluminescence and the A 600 were read every hour postinduction. The graph represents data from 3 hours postinduction. Bars represent the mean cps/A 600 for three replicates, and error bars represent the standard deviations.
these findings suggest that the Cpx pathway is not a requisite for gram-negative pathogenesis and that, upon activation, it reduces the pathogenic potential of an organism.
Further support for our findings was published while the manuscript was in preparation. Carlsson et al. (4) investigated the role of the Cpx response in Yersinia pseudotuberculosis T3S and found that a cpxA null mutant secreted lower levels of protein and was defective for translocation. The reduced ability to secrete effectors was hypothesized to be the result of an inability to assemble a functional T3S apparatus, as the cpxA null mutant had decreased cellular levels of needle-associated proteins (including the EspA orthologue LcrV) and reduced expression of several T3S effectors (4) . In addition to a decrease in effector expression, we observed a marked decrease in the transcription of translocators that Carlsson et al. did not observe (4) . Nonetheless, the similarity of our findings to those of Carlsson et al. (4) suggests that activation of the Cpx pathway may influence T3S at a common point for both EPEC and Yersinia, i.e., late in the assembly of the T3S apparatus. The differences in effector versus translocator regulation by the Cpx response might be due to differences in how each T3SS is regulated (21) . In Yersinia, the expression and secretion of effectors are coordinately regulated (22) . Extensive work with EPEC has failed to demonstrate a similar mechanism (11, 42) .
An interesting observation in this study was that expression from the LEE1 promoter was affected differently by overexpression of the response regulator CpxR than that of a constitutive cpxA* mutant and wild-type activation of the Cpx response by NlpE overexpression ( Fig. 4 and 5 ; data not shown). When CpxR was overexpressed from a high-copy-number plasmid, we observed a considerable decrease in LEE1, LEE4, and LEE5 expression (Fig. 4) . When the experiment was repeated with alternate forms of Cpx response induction, LEE4 and LEE5 expression levels were consistently decreased, whereas the LEE1 promoter was not strongly affected (Fig. 5, 6 , and 9; data not shown). The cpxA* mutant lacks phosphatase activity but maintains autokinase and kinase activities (54) . NlpE overexpression generates a signal that is transduced through the native CpxAR pathway (57) . Alternatively, flooding the cell with multiple copies of the response regulator bypasses normal signal transduction entirely. Thus, perhaps a high concentration of unphosphorylated response regulator exerts stronger repressive effects at the LEE1 promoter than do increased levels of CpxRϳP. If so, this effect is not likely relevant in vivo, since the Cpx response is autoregulated (55) and therefore the only time when high levels of CpxR would be present is when the response is activated strongly and CpxR is phosphorylated. This observation poses a strong argument that any results obtained by mimicking Cpx pathway induction through CpxR overexpression should be confirmed with an inducer that acts through the wild-type signal transduction pathway.
Testing the effect of Cpx pathway activation on LEE promoter activity in a nonpathogenic E. coli background revealed that the Cpx pathway is capable of inhibiting LEE expression in the absence of EPEC-specific regulators (Fig. 6 ). These data suggest that Cpx-mediated inhibition of LEE gene expression and T3S functions independently of Ler. This conclusion is backed up by the weak effects of constitutive activation of the Cpx response and NlpE overexpression on LEE1 expression ( Fig. 6; data not shown) . Indeed, Cpx pathway activation partially negated the stimulatory effects that overexpressing the positive regulatory locus perABC had on T3S (Fig. 7) . Since PerC is known to activate ler gene expression (52) , these data again suggest that Cpx pathway activation works independently of Ler to down regulate T3S. At this time, we cannot rule out that the Cpx response might inhibit transcription of the perABC locus from the pCVD450 plasmid used to overexpress these regulators, but we think this unlikely given the weak effects that Cpx pathway activation by mutation or NlpE overexpression had on LEE1 expression ( Fig. 6; data not shown) . It is also possible that in the presence of excess PerABC/Ler, activation of the Cpx response inhibits T3S partly through posttranscriptional mechanisms. Changes in the status of envelope protein folding/degradation brought on by activation of the Cpx response might disrupt assembly of the T3S machine, as proposed for Yersinia pseudotuberculosis (4) .
To elucidate whether CpxR was a direct regulator of LEE expression, the region upstream of the down-regulated operons, LEE4 and LEE5, was screened for the putative CpxR binding site (GTAAN 6-7 GTAA) (51) . The absence of the proposed sequence in the promoter region of LEE4 suggested that the decrease in transcription observed for this operon is an indirect effect of Cpx response activation. Surprisingly, a putative binding site was identified in the region near the transcriptional start site of LEE5. Thus, Cpx regulation of LEE5 may be direct. Alternatively, the Cpx pathway may impose its effect on some unknown regulator found in both pathogenic and nonpathogenic E. coli strains. Among the regulators conserved across both strain backgrounds are H-NS, IHF, Fis, BipA, and QseA (35, 42) . All are global regulators that influence a multitude of cellular processes. No one regulator is an obvious target of the Cpx response. The influence of the Cpx pathway on these regulators is currently being investigated. Elucidating the mechanism by which the Cpx pathway negatively regulates LEE4 and LEE5 expression may provide insight into how the Cpx pathway down regulates virulence gene expression in multiple pathogens.
In summary, we have shown that the Cpx envelope stress response inhibits EPEC T3S at the transcriptional level. We propose that high levels of Cpx pathway activation by the presence of misfolded or mislocalized envelope proteins set in motion events leading to the down regulation of unessential protein traffic in the periplasm. In doing so, the Cpx response can prevent the buildup of envelope proteins that could potentially interfere with essential cellular processes while it attempts to rid the cell of the imposing stress. In addition, by down regulating expression of energetically costly higher-level complexes, the cell can conserve energy until it enters a more favorable environment. Clearly, such a response is not likely to be relevant at the site of intestinal infection in the host. Indeed, our data argue that the Cpx response is not important for regulated virulence determinant expression in the intestine, since eliminating CpxR has no effect on T3S or LEE gene expression under conditions thought to mimic this environment ( Fig. 2 and 5 ). However, it may be that shutting down T3S is important en route to the intestine or, alternatively, in the environment during transmission between hosts. Regardless, our observations and those of others suggest that the ability of Cpx envelope stress response activation to inhibit T3S and virulence is conserved in multiple intestinal pathogens and 
